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(54) 2-bit/cell type nonvolatile semiconductor memory 



(57) A control method is provided for a nonvolatile 
semiconductor memory having a number of nonvolatile 
semiconductor memory cells formed on a surface of a 
semiconductor substrate (1 ) each having agate insulat- 
ing film (8) including a carrier trap layer, agate electrode 
(9) formed on the gate insulating film (8), and first and 
second diffusion regions (3, 4) symmetrically formed in 
the semiconductor substrate (1) on both sides of the 
gate electrode (9). The control method includes the 
steps of: selectively writing data at a memory position 
(Ma, Mb) near the first (3) or second (4) diffusion region 
through injection of hot charge carriers of a first conduc- 
tivity type, by applying a first high level voltage (+V) to 
the first (3) or second (4) diffusion region, a second volt- 
age (OV) lower than the first voltage (+V) to the second 



(4) or first (3) diffusion region, and a third voltage (+V) 
higher than the second voltage (OV) to the gate elec- 
trode (9); and selectively erasing the data at the memory 
position (Ma, Mb) near the first (3) or second (4) diffusion 
region through injection of hot charge carriers of a sec- 
ond conductivity type opposite to the first conductivity 
type generated by an interband tunneling effect, by ap- 
plying a first high level voltage (+V) to the first (3) or sec- 
ond (4) diffusion region, a second voltage (OV) lower 
than the first voltage (+V) to the second (4) or first (3) 
diffusion region, and a third voltage (-V) lower than the 
first voltage or of an opposite polarity to the gate elec- 
trode (9). The nonvolatile semiconductor memory can 
store a plurality of data per one cell, is easy to be man- 
ufactured and has high reliability. 
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Description 

[0001] The present invention relates to a nonvolatile 
semiconductor memory and its control method, the 
memory storing data by capturing electric charges in an 
insulating film having a carrier trap layer. 
[0002] An insulated gate type field effect transistor 
has an insulated gate electrode on agate insulating film 
formed on the surface of a channel region in a semicon- 
ductor substrate and a pair of source/drain regions 
formed in the semiconductor substrate on both sides of 
the gate electrode. An on/off state of the insulated gate 
type field effect transistor is determined by a voltage of 
the gate electrode relative to one of the source/drain re- 
gions. 

[0003] A nonvolatile memory capable of changing its 
on/off state at the same gate voltage with a presence/ 
absence of charge carriers in the gate insulating film can 
be realized by providing the gate insulating film with the 
structure capable of storing charge carriers. The charge 
carrier storage structure can be formed by a floating 
gate electrode and a silicon nitride film and the like. A 
dielectric carrier trap structure having a silicon nitride 
film sandwiched between silicon oxide films is known as 
an oxide-nitride-oxide (ONO) film. 
[0004] A previously-considered method of writing/ 
erasing charges in the nitride film of an ONO film is to 
apply a sufficiently high voltage across the gate elec- 
trode and channel region and to let charge carriers tun- 
nel from the channel region into the nitride film, or in a 
reverse direction from the nitride film into the channel 
region. 

[0005] A nonvolatile semiconductor memory having a 
p-type channel region, n-type source/drain regions, a 
gate insulating film with a carrier storage function, and 
a gate electrode on the gate insulating film will be de- 
scribed, the memory of this type being used only for il- 
lustrative purposes. 

[0006] JP-B-5-326884 proposes a semiconductor 
memory. According to this memory, a p-type pocket lay- 
er surrounding an n-type drain region is formed. In writ- 
ing data, hot electrons are injected into the nitride film 
by applying a high voltage (about 7 V) to the drain region 
and a write voltage to the gate electrode. In erasing data, 
an erase programming voltage is applied to the drain 
region to produce an interband tunneling effect near at 
the boundary between the drain region and pocket layer 
and inject some of hot holes into the nitride film. 
[0007] USP 5,768,192 proposes a method of selec- 
tively injecting hot electrons either in one region or in 
the other region of a nitride film by flowing programming 
current between one (first region) of the source/drain re- 
gions and the other (second region) either in one direc- 
tion or in the opposite direction. 
[0008] If electrons are flowed from the first region to 
the second region, these electrons become hot elec- 
trons and injected into the nitride film near the second 
region. If electrons are flowed from the second region 



to the first region, these electrons become hot electrons 
and injected into the nitride film near the first region. 
[0009] In the read process, read electron current 
flowed from the second region to the first region is influ- 

5 enced greatly by stored charges near at the second re- 
gion but is influenced less by stored charges near at the 
first region. Read electron current flowed from the first 
region to the second region is influenced greatly by 
stored charges near at the first region but is influenced 

10 less by stored charges near at the second region. 
[0010] Nonvolatile memories of a 2-bit/1-cell type 
have been proposed as described above. A memory cell 
of a 2-bit/1 -cell type having the structure similar to a con- 
ventional memory cell can provide a twofold memory ca- 

15 pacity. 

[001 1 ] USP 5,768,1 92 does not teach the erase meth- 
od although it discloses the programming and the read 
method. 

[001 2] It is desirable to provide a nonvolatile semicon- 
20 ductor memory capable of storing a plurality of data per 
one cell, being manufactured with ease and having high 
reliability. 

[0013] It is also desirable to provide a novel control 
method for a nonvolatile semiconductor memory capa- 
25 ble of storing a plurality of data per one cell. 

[0014] According to an embodiment of one aspect of 
the present invention, there is provided a nonvolatile 
semiconductor memory comprising: a semiconductor 
substrate of a first conductivity type; first and second 
30 diffusion regions of a second conductivity type symmet- 
rically formed in a surface layer of the semiconductor 
substrate to define a channel region therebetween; a 
gate insulating film formed on the channel region, the 
gate insulating film including a carrier trap layer capable 
35 of trapping charge carriers; a gate electrode formed on 
the gate insulating film; and a control circuit for control- 
ling: in a data write mode, to apply a high level voltage 
to the gate electrode, a low level voltage to one of the 
first and second diffusion regions, and a high level volt- 
40 age to the other of the first and second diffusion regions 
to inject hot carriers of the second conductivity type in 
the carrier trap layer near the diffusion region applied 
with the high level voltage; in a data read mode, to flow 
carriers of the second conductivity type in the channel 
45 region along a direction opposite to a direction in the 
data write mode; and in a data erase mode, to apply a 
low level voltage or an opposite polarity voltage to the 
gate electrode, a low level voltage to one of the first and 
second diffusion regions, and a high level voltage to the 
50 other of the first and second diffusion regions to inject 
hot carriers of the first conductivity type generated by 
an interband tunneling effect near the other of the first 
and second diffusion regions, into the carrier trap layer 
near the diffusion region applied with the high level volt- 
55 age, and neutralize charge carriers of the second con- 
ductive type. 

[0015] According to an embodimentof another aspect 
of the present invention, there is provided a control 
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method for a nonvolatile semiconductor memory having 
a number of nonvolatile semiconductor memory cells 
formed on a surface of a semiconductor substrate each 
having a gate insulating film including a carrier trap lay- 
er, a gate electrode formed on the gate insulating film, 
and first and second diffusion regions symmetrically 
formed in the semiconductor substrate on both sides of 
the gate electrode, the control method comprising the 
steps of: selectively writing data at a memory position 
nearthe firstor second diffusion region through injection 
of hot carriers of a first conductivity type, by applying a 
first high level voltage to the first or second diffusion re- 
gion, a second voltage lower than the first voltage to the 
second or first diffusion region, and a third voltage high- 
er than the second voltage to the gate electrode; and 
selectively erasing the data at the memory position near 
the first or second diffusion region through injection of 
hot carriers of a second conductivity type opposite to the 
first conductivity type generated by an interband tun- 
neling effect, by applying a first high level voltage to the 
first or second diffusion region, a second voltage lower 
than the first voltage to the second or first diffusion re- 
gion, and a third voltage lower than the first voltage or 
of an opposite polarity to the gate electrode. 
[0016] As described above, a nonvolatile semicon- 
ductor memory embodying the invention is provided 
which is easy to be manufactured and has high reliabil- 
ity. 

[0017] A semiconductor memory embodying the in- 
vention is provided which can store two bits per one cell, 
and be manufactured with ease and has high reliability. 
[0018] A novel control method embodying the inven- 
tion for such a nonvolatile semiconductor memory is al- 
so provided. 

[0019] This application is based on Japanese Patent 
Application hei 1 1 -33491 6, filed on November 25, 1 999, 
the entire contents of which are incorporated herein by 
reference. 

[0020] Reference will now be made, by way of exam- 
ple, to the accompanying drawings, in which: 

Figs. 1 A to 1 G show a circuit diagram and schemat- 
ic cross sectional views illustrating a nonvolatile 
semiconductor memory and its operation according 
to an embodiment of the invention. 
Figs. 2A and 2B show a schematic cross sectional 
view and a potential diagram illustrating the opera- 
tion of the memory cell shown in Figs. 1 A to 1 G. 
Figs. 3A, 3B and 3C show circuit diagrams briefly 
illustrating a block erase operation of the embodi- 
ment shown in Figs. 1Ato 1G. 
Figs. 4A, 4B and 4C show schematic cross section- 
al views and a potential diagram illustrating an 
erase operation according to another embodiment 
of the invention. 

Figs. 5A, 58 and 5C show a schematic cross sec- 
tional view of a nonvolatile memory capable of stor- 
ing two bits per one cell according to conventional 



techniques, and a potential diagram and a circuit 
diagram illustrating its erase operation analysed by 
the present inventor. 

Figs. 6A and 6B show a schematic cross sectional 
5 view and potential diagram illustrating a problem 

associated with the nonvolatile semiconductor 
memory shown in Fig. 5A when this memory is 
made to have a short channel. 

10 [0021] Prior to describing the embodiments, a nonvol- 
atile semiconductor memory capable of storing two bits 
per one cell proposed by USP 5,768,192 will be de- 
scribed. 

[0022] Fig. 5A is a schematic cross sectional view of 

15 a nonvolatile semiconductor memory capable of storing 
two bits per one cell. A p-type semiconductor substrate 
101 has on its surface a gate insulating film 108 made 
of a lamination of a silicon oxide film 1 05, a silicon nitride 
film 106 and a silicon oxide film 107. A gate electrode 

20 1 09 is formed on this gate insulating film 108. In a sur- 
face layer of the semiconductor substrate, n-type diffu- 
sion regions 103 and 104 are formed on both sides of 
the gate electrode 1 09 to constitute an insulated gate 
type field effect transistor structure. 

25 [0023] The silicon nitride film 106 sandwiched be- 
tween the silicon oxide films 105 and 107 of the gate 
insulating film 108 has a function of trapping injected 
charges. The silicon nitride film has a number of carrier 
trap levels so that charges once injected are trapped at 

30 respective positions. 

[0024] Hot electrons injected by grounding the n-type 
region 1 03 and applying positive potentials to the n-type 
region 104 and gate electrode 109 are trapped in the 
silicon nitride film 1 06 at a memory position Mb near the 

35 n-type region 104. Hot electrons injected by grounding 
the n-type region 104 and applying positive potentials 
to the n-type region 103 and gate electrode 109 are 
trapped in the silicon nitride film 106 at a memory posi- 
tion IVIa near the n-type region 103. 

40 [0025] By reversing the write current direction as in 
the above manner, charges can be selectively stored ei- 
ther at the position IVIa or Mb under the same gate elec- 
trode 1 09. 

[0026] In reading data, as electron current is flowed 
45 from the n-type region 1 03 toward the n-type region 1 04, 
the charges at the memory position Ma greatly influence 
the formation of the channel current, but the charges at 
the memory position Mb influence less the formation of 
the channel current. As the direction of the channel cur- 
50 rent is reversed, the influence of the charges at the 
memory position Mb becomes great whereas the influ- 
ence of the charges at the memory position Ma be- 
comes less. The influences of the stored charges at the 
two memory positions Ma and Mb can therefore be read 
55 independently. 

[0027] If a reverse vias voltage is applied between the 
gate electrode and n-type source/drain region, current 
flows between the gate electrode and n-type source/ 
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drain region. It is known tliat as tinis current, tliere are 
Fowler-Nordheim (FN) tunneling current and hot carrier 
injection current by avalanche breakdown. 
[0028] Fig. 5A shows also the shapes of depletion lay- 
ers formed when the reverse vias voltage is applied. 
Broken lines DP1 and DP2 on both sides of the p-n junc- 
tion of the n-type region 103 show approximately the 
boundaries of the depletion layer. Similarly, broken lines 
DPS and DP4 on both sides of the p-n junction of the n- 
type region 104 show approximately the boundaries of 
the depletion layer. 

[0029] Under the opposite end portions of the gate 

electrode 1 09, end regions Ex depleted by a voltage ap- 
plied to the gate electrode are also shown. An avalanche 
breakdown is likely to occur at this end region Ex of the 
depletion layer. 

[0030] If the silicon oxide film 105 is thick, for exam- 
ple, 20 nm or thicker, an FN tunneling current is hard to 
flow unless the voltage between the gate electrode 1 09 
and n-type region 1 03 or 1 04 becomes high. Therefore, 
the potential difference between the n-type region 103 
or 104 and channel region becomes large earlier than 
between the n-type region 103 or 104 and gate elec- 
trode 109 and an avalanche breakdown occurs at the 
end portion of the n-type region 103 or 104. 
[0031] Hot holes generated by the avalanche break- 
down are accelerated by the electric field in the deple- 
tion layer. When the hot holes obtain a sufficiently high 
energy, they are injected toward the gate electrode 1 09 
maintained at the low potential and trapped in the inter- 
mediate silicon nitride film 106. Since electrons are 
trapped beforehand in the silicon nitride film 106, elec- 
trons and holes are recombined to erase the stored da- 
ta. 

[0032] Fig. 5B is a graph showing a potential distribu- 
tion along a virtual line extending from the n-type region 
1 03 to n-type region 1 04 when a reverse bias voltage is 
applied. In Fig. 58, VB represents the energy level of a 
valence band in the semiconductor and CB represents 
that of a conduction band. There is a potential difference 
AV between the channel region ND not depleted and the 
opposite n-type regions 103 and 104, the potential dif- 
ference being formed by the depletion layers 113 and 
114 therebetween. The depletion layers 113 and 114 
generate electric fields E1 and E2. Holes generated 
near at the n-type region 103, 104 are accelerated by 
the electric field El , E2 to enter a high energy state. 
[0033] Fig. 5C is a circuit diagram schematically 
showing the structure of a nonvolatile semiconductor 
memory. A word line WL1 is connected to the gate elec- 
trodes of a plurality of memory transistors T^^, T-,2,.-.- 
The n-type regions of the respective memory transistors 
T^^, Ti2'"- connected to bit lines BL1, BL2, BL3,.... 
As shown in Fig. 5C, the n-type region 104 of one of 
adjacent two memory transistors T-,-, and T^2 *he n- 
type region103 of the other are generally merged and 
connected to one common bit line BL2 in order to reduce 
the memory cell size. Other transistors are also connect- 



ed in a similar manner. The outermost n-type regions of 
the transistors at opposite ends of each row are each 
connected singularly to the corresponding bit line. 
[0034] Memory positions Ma and Mb are represented 

5 by Ma-|-|, Mb^-,, Ma^2 Mb^2 having suffixes corre- 
sponding to those of their transistors T^-, and T^2' 
[0035] In deleting data at the memory position Mb^g, 
a low level voltage is applied to the word line WL1 and 
a high level voltage is applied to the bit line BL3. In this 

10 case, the memory positions Mb-,2 and Ma^g take the 
same bias conditions so that data at the memory posi- 
tion Ma^g is also erased. In order to recover the data at 
the memory position Ma-13, an additional write operation 
becomes necessary. The erase process becomes com- 

15 plicated. 

[0036] In order to increase the memory capacity of a 
semiconductor memory, it is necessary to reduce the 

size of a memory cell. 

[0037] Figs. 6A and 6B are a schematic cross section- 
20 al view and a potential diagram illustrating a problem 
associated with a memory cell with a short channel. As 
shown in Fig. 6A, the lengths in a current flow direction 
of a gate electrode 109 and a gate insulating film 108 
are shortened. In a data erase operation by applying a 
25 reverse bias voltage between the gate electrode 109 
and n-type regions 103 and 104, the reverse bias volt- 
age generates depletion layers DP. DPI to DP4 repre- 
sent the boundaries of the depletion layers. 
[0038] Because of a short channel, the boundaries 
30 DP2 and DP4 of the depletion layers overlap under the 
gate electrode. 

[0039] Fig. 6B is a schematic diagram showing the po- 
tential distribution in the memory cell shown in Fig. 6A. 
Since the depletion layers overlap under the gate elec- 
ts trode, a potential difference between the conduction 
band CB and valance band VB lowers to AVa. Since the 
potential difference in the depletion layers lowers, the 
intensities of electric fields El a and E2a generated also 
lower. As a result, even if holes are generated by an av- 
40 alanche breakdown at the end portions of the n-type re- 
gions 103 and 104, it is difficult to neutralize electrons 
in the silicon nitride film 106. 

[0040] A nonvolatile semiconductor memory capable 
of solving such a problem will be described. 

45 [0041] Fig. 1 A is a schematic circuit diagram of a non- 
volatile semiconductor memory. A plurality of word lines 
WL and bit lines BL crossing each other are disposed 
on a semiconductor substrate. These bit lines BL are 
connected to a bit line driver BD formed on the same 

50 substrate to be selectively driven by a drive voltage. The 
word lines WL are connected to a word line driver WD 
formed on the same substrate to be selectively driven 
by a scan voltage. 

[0042] A memory transistor T is connected at each 
55 cross point between the word line WL and bit line BL. 
Between adjacent two bit lines, e.g., bit lines BL1 and 
BL2, two n-type regions of the memory transistor T-,-, are 
connected. Each memory transistor has two memory 
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positions IVIa and IVlb. A transistor connected between 
the i-tin bit line and (i+1 )-th bit line is represented by Ty, 
the gate electrode of which is connected to the j-th word 
line WLj. 

[0043] Fig. 1 B is a schematic cross sectional view 
showing the structure of one memory transistor T and 
illustrating a write operation for the memory transistor T. 
A p-type semiconductor substrate 1 has on its surface 
a gate insulating film 8 made of a lamination of a silicon 
oxide film 5, a silicon nitride film 6 and a silicon oxide 
film 7. A gate electrode 9 of polysilicon is formed on the 
gate insulating film 8. The silicon oxide film 7 may be 
omitted. Other insulating films having a carrier trap func- 
tion may also be used as the gate insulating film. 
[0044] For example, as the silicon oxide film 5, a sili- 
con oxide film having a thickness of 10 nm formed by 
thermal oxidation is used. On the silicon oxide film 5, a 
silicon nitride film is grown by CVD to a thickness of, for 
example, 15 nm, and the surface of the silicon nitride 
film is oxidized at a high temperature to form a silicon 
oxide film having a thickness of about 1 0 nm. The thick- 
ness of the left silicon nitride film 6 is thinned by an 
amount corresponding to the growth amount of the sili- 
con oxide film 7. 

[0045] The gate electrode 9 is formed, for example, 

by growing a polysilicon layer containing phosphorous 
of about 2 to 6 X 1 0^o/cm^ to a thickness of about 300 
nm by CVD and by pattering the polysilicon layer by 
known micro fine patterning processes to have a gate 
length of about 0.2 to 0.5 jum. 

[0046] After the insulated gate electrode is formed, ar- 
senic ions are implanted into the p-type semiconductor 
substrate 1 by using the insulated gate electrode as a 
mask, under the conditions of an acceleration energy of 
50 to 100 keV and a dose of about 5 x lO''^ to 5 x 
^0^^c^^-^, to thereby form n-type regions 3 and 4. After 
this ion implantation, the substrate is annealed at 850 
°C to 950 °C for about 30 to 60 minutes by a known 
thermal diffusion method to activate implanted arsenic 
ions and diffuse them also to the regions under the gate 
electrode 9. 

[0047] Thereafter, an interlayer insulating film 10 of 
silicon oxide or the like is formed. Contact holes are 
formed through the interlayer insulating film 10, and 
metal lead wires PI , P2, Pq and the like are formed to 
complete a semiconductor memory. 
[0048] In writing data, a low level potential, e.g., a 
ground potential, is applied to the lead wire PI connect- 
ed to the n-type region 3, a high level positive potential, 
e.g., 12 V, is applied to the lead wire Pq connected to 
the gate electrode 9, and a positive potential lower than 
12 V, e.g., 6 V is applied to the lead wire P2 connected 
to the n-type region 4. Since the positive potential is ap- 
plied to the gate electrode 9, the surface of the p-type 
semiconductor substrate 1 is inverted to n-type so that 
electrons flow from the n-type region 3 toward the n-type 
region 4 maintained at the positive potential. These 
electrons are accelerated in the depletion layer near at 



the n-type region 4 and become hot electrons which 
pass through the silicon oxide film 5 and are injected 
into the silicon nitride film 6 at a memory position Mb. In 
this manner, data is written in the silicon nitride film 6 at 

5 the memory position Mb near the n-type region 4. 
[0049] As shown in Fig. 1C, as the voltages applied 
to the n-type regions 3 and 4 are exchanged, electrons 
flowed from the n-type region 4 are injected into the sil- 
icon nitride film 6 at the memory position Ma near the n- 

10 type region 3 so that the data is stored at the memory 
position Ma. In this manner, data can be written in the 
silicon nitride film 6 selectively at two memory positions 
Ma and Mb. 

[0050] Fig. 1 D illustrates the operation of reading da- 
15 ta written near the n-type region 4. A source voltage Vs 
(ground potential) is applied to the n-type region 4 which 
serves as a source, a drain voltage Vq, e.g., 2 V, is ap- 
plied to the n-type region 3 which serves as a drain, and 
an on/voltage +Vq, e.g., 3 V, is applied to the gate elec- 
20 trode 9. Since electrons are stored in the silicon nitride 
film 6 at the memory position Mb near the n-type region 
4, even if the gate on-voltage +Vq (3 V) is applied, the 
channel region under the stored charge will not be in- 
verted and channel current will not flow. 
25 [0051] If charges are not stored at the memory posi- 
tion Mb, the channel region is inverted and drain current 
flows. The stored data can be read in this manner. The 
operation of reading charges written near the n-type re- 
gion 3 can be performed in a similar manner by using 
30 the n-type region 3 as the source and the n-type region 
4 as the drain. 

[0052] Fig. 1 E is a schematic cross sectional view il- 
lustrating that data written at two positions above the 
same channel can be read independently. In Fig. 1 E, 
35 data in the silicon nitride film 6 at the memory position 
Ma near the n-type region 3 is read. It is assumed that 
electrons are not stored at the memory position Ma near 
the n-type region 3 and electrons are stored at the mem- 
ory position Mb near the n-type region 4. 
40 [0053] A source voltage Vg of 0 V is applied to the n- 
type region 3, a drain voltage Vq of 2 V is applied to the 
n-type region 4, and an on-voltage Vq of 3 V larger than 
the threshold voltage is applied to the gate electrode 9. 
Since electrons are not stored at the memory position 
45 Ma near the n-type region 3, the channel is induced and 
electrons flow from the n-type region 3 toward the n-type 
region 4. 

[0054] Although electrons are stored at the memory 
position Mb near the n-type region 4, the depletion layer 
50 develops to establish an electric field so that electron 
transportation is not hindered substantially. As a result, 
a read current indicated by an arrow can be controlled 
only by a presence/absence of charges at the memory 
position Ma near the n-type region 3. 
55 [0055] Fig. IF illustrates an erase operation. It is as- 
sumed that electrons stored at the memory position Mb 
near the n-type region 4 are to be erased. A low level 
voltage of 0 V is applied to the n-type region 3, a high 
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level position voltage, e.g., + 6 V, is applied to tlie n-type 
region 4, and a low level voltage or an opposite polarity 
voltage, e.g., - 5 V, is applied to the gate electrode 9. 
[0056] Fig. 2A is a schematic diagram showing the 
shapes of depletion layers formed in the semiconductor 
substrate during the erase operation. Since the n-type 
region 3 is maintained at 0 V, the width of the depletion 
layer DP formed near its p-n junction is as narrow as 
(DPI - DP2). Since a relatively large positive voltage of 
+ 6 V is applied to the n-type region 4, the width of the 
depletion layer DP formed near its p-n junction is as wide 
as (DPS - DP4). 

[0057] If the same voltage of + 6 V is applied also to 
the n-type region 3, the depletion layer DP (DP1 - DP2) 
is widened and the boundaries DP2 and DP4 of the de- 
pletion layers contact. However, since the bias voltage 
of the n-type region 3 is made small and the width of the 
depletion layer DP (DP1 - DP2) is made narrow, the de- 
pletion layers will not overlap. 

[0058] Fig. 2B is a schematic diagram showing a po- 
tential distribution along a virtual line extending from the 
n-type region 3 to n-type region 4. Relative to the region 
ND of the channel region not depleted, the n-type region 

3 has a potential difference of AV3 whereas the n-type 
region 4 has a potential difference of AV4. Since the po- 
tential difference AV3 is small, the depletion layer at the 
n-type region 3 is narrow and the intensity of an electric 
field is small. On the other hand, the depletion layer at 
the n-type region 4 develops sufficiently and the inten- 
sity of the electric field E4 formed by the potential differ- 
ence AV4 is sufficiently large. Accordingly, holes gener- 
ated by an avalanche breakdown by the interband tun- 
neling effect can be accelerated sufficiently to become 
hot holes which are injected into the silicon nitride at the 
memory position Mb and neutralize electrons stored at 
the memory position Mb. 

[0059] Referring to the circuit diagram shown in Fig. 
1A, when electrons at the memory position Mb of the 
transistor T-13 are to be erased, voltages described 
above are applied to the word line WL1 and bit line BL4. 
There is therefore a possibility that holes are injected 
into the silicon nitride film at the memory position Ma of 
the adjacent memory transistor T-,4. 
[0060] Fig. 1G illustrates a method of preventing 
holes from being injected in the transistor T-14. The same 
voltage is applied to both the n-type regions 3 and 4 of 
the transistor whose data is not to be erased. A voltage 
of about + 6V is applied to the n-type region 3 of the 
transistor T-14, and a high level positive voltage of + 6 V 
is also applied to the n-type region 4. By applying these 
voltages, the depletion layers of the n-type regions 3 and 

4 overlap as shown in Fig. 6B and an electric field is 
constrained. As a result, holes cannot obtain a suffi- 
ciently high energy and holes can be prevented from be- 
ing injected at the memory position. 

[0061] Instead of applying a high level voltage, e.g., 
+ 6V, to the n-type region 4, the n-type region 4 may be 
set to a floating state. In this case, the depletion layer 



of the n-type region 3 applied with a high level voltage 
reaches the n-type region 4. Electrons in the n-type re- 
gion 4 therefore flow toward the n-type region 3 applied 
with the high level voltage so that the potential at the n- 

5 type region 4 is changed to the potential approximately 
equal to that of the n-type region 3. The erase operation 
will not be executed similar to the case wherein the high 
level voltage is applied to the n-type region 3. 
[0062] In other words, when a low level or opposite 

10 polarity voltage is applied to the gate of a memory tran- 
sistor and a high level voltage is applied to one of the 
diffusion regions, and if data at the memory position 
near the one diffusion region is to be erased, a low level 
voltage is applied to the other diffusion region. Whereas 

15 if the data is not to be erased, a high level voltage is 
applied to the other diffusion region or this region is set 
to a floating state. This bias setting is also applicable to 
the following embodiment. 

[0063] There is a case that when the storage state of 
20 a nonvolatile semiconductor memory is to be updated, 
it is desired that the presently stored data is all erased. 
[0064] Figs. 3A, 3B and 3C illustrate how data in all 

transistors in a block are erased. A number of transistors 
T are disposed in a matrix form in a block, and the gate 
25 electrodes of all rows are connected to corresponding 
word lines WL1 , WL2, WL3,.... 

[0065] Adjacent n-type regions of adjacent transistors 
are connected in common and commonly connected n- 
type regions of all columns are connected to corre- 

30 spending bit lines BL1 , BL2, BL3,.... The word lines WL 
are connected to a word line driver WD, and the bit lines 
BL are connected to a bit line driver BD. 
[0066] In erasing data of all transistors, first electrons 
are stored at all memory positions. 

35 [0067] Fig. 3A shows the state that electrons are 
stored at all memory positions. Next, a predetermined 
negative potential, e.g., - 5 V, is applied to all the word 
lines LW1, WL2, WL3,... and a predetermined positive 
potential, e.g., + 6 V, is applied to every second bit lines, 

40 for example, even-numbered bit lines BL2, BL4 and 

a ground potential is applied to odd-numbered bit lines 
BL1, BL3,.... 

[0068] By applying these bias potentials, holes are in- 
jected at memory positions near the source/drain re- 

45 gions connected to the bit lines BL2, BL4,... applied with 
the high potential and stored electrons are neutralized. 
[0069] Fig. 3B shows the state that data at the mem- 
ory positions near the even-numbered bit lines have 
been all erased. Next, a predetermined positive poten- 

50 tial, e.g., + 6 V, is applied to the odd-numbered bit lines 
BL1, BL3,..., and a ground potential is applied to the 
even-numbered bitlines BL2, BL4,.... The word lines WL 
are applied with a predetermined negative potential, e. 
g., - 5 V. By applying these bias potentials, holes are 

55 injected at memory positions near the source/drain re- 
gions connected to the odd-numbers bit lines BL1, 
BL3,... and stored electrons are neutralized. 
[0070] Fig. 3C shows the state that data at the mem- 
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ory positions near tine odd-numbered bit lines have been 
all erased. With the erase operation at two stages de- 
scribed above, data at all the memory positions in the 
block are erased and initialized. 

[0071] The write programming voltage and erase pro- 
gramming voltages are selected so that electrons and 
holes are injected at the same memory position. How- 
ever, injected electrons may be moved by thermal stress 
generated thereafter. Further, an injected position may 
be moved by a fluctuation of the programming voltage. 
[0072] Fig. 4 A shows the state that electrons are 
stored also at a position different from a target memory 
position. Mb indicates the target memory position and 
Mbb near Mb indicates the position of electrons moved 
by some causes. If stored electrons distribute to a posi- 
tion different from the target memory position, the elec- 
trons at the changed memory position Mbb cannot be 
erased by a usual erase operation. 
[0073] In the state shown in Fig. 4B, a ground level is 
applied to the n-type region 3, a predetermined negative 
voltage is applied to the gate electrode 9, and a positive 
voltage applied to the n-type region 4 is changed. When 
a predetermined erase programming voltage is applied 
to the n-type region 4, a depletion layer (DP3a - DP4a) 
is formed around the p-n junction of the n-type region 4. 
At this time, holes are injected at the predetermined 
memory position Mb to neutralize electrons at this mem- 
ory position Mb. However, electrons at the changed 
memory position Mbb cannot be neutralized by this 
erase operation. 

[0074] The positive voltage applied to the n-type re- 
gion 4 is increased. This increased positive voltage ap- 
plied to the n-type region 4 broadens the depletion layer 
to a depletion layer (DP3b - DP4b). As the depletion lay- 
er broadens, the hole injected position moves toward 
the channel central area. Holes are therefore injected at 
the changed memory position Mbb and neutralize elec- 
trons at the memory position Mbb. 
[0075] Fig. 4C is a schematic diagram showing the 
potential distribution of the semiconductor substrate 
shown in Fig. 4B. A conduction band potential CB and 
a valence band potential VB when the predetermined 
erase programming voltage is applied are indicated by 
broken lines, and the potentials when the increased pos- 
itive potential is applied to the n-type region are indicat- 
ed by solid lines. As the applied voltage is increased, 
the depletion layer near the n-type region 4 broadens 
and the intensity of the generated electric field E4 in- 
creases. 

[0076] If stored charges distribute to a position differ- 
ent from a target position, the electric characteristics of 
the transistor after the erase operation become different 
from the designed characteristics, even if a usual erase 
operation is executed. When such abnormality is detect- 
ed, a modified erase operation described above is exe- 
cuted to erase charges injected at the changed memory 
position. If the position of injected charges moves to- 
ward the n-type region 3 or 4 (to the outer side), the for- 



mation of the channel for the read operation is not influ- 
enced and no problem occurs. 

[0077] The present invention has been described in 
connection with the preferred embodiments. The inven- 
5 tion is not limited only to the above embodiments. It will 
be apparent to those skilled in the art that various mod- 
ifications, improvements, combinations, and the like can 
be made. 



1. A nonvolatile semiconductor memory comprising: 



15 a semiconductor substrate of a first conductivity 

type; 

first and second diffusion regions of a second 
conductivity type formed in a surface layer of 
said semiconductor substrate to define a chan- 

20 nel region therebetween; 

a gate insulating film formed on the channel re- 
gion, said gate insulating film including acarrier 
trap layer capable of trapping charge carriers; 
a gate electrode formed on said gate insulating 

25 film; and 

a control circuit for controlling: in a data write 
mode, to apply a high level voltage to said gate 
electrode, a low level voltage to one of said first 
and second diffusion regions, and a high level 

30 voltage to the other of said first and second dif- 

fusion regions to inject hot charge carriers of 
the second conductivity type in the carrier trap 
layer near the diffusion region applied with the 
high level voltage; in a data read mode, to flow 

35 carriers of the second conductivity type in the 

channel region along a direction opposite to a 
direction in the data write mode; and in a data 
erase mode, to apply a low level voltage or an 
opposite polarity voltage to said gate electrode, 

40 a low level voltage to the one of said first and 

second diffusion regions, and a high level volt- 
age to the other of said first and second diffu- 
sion regions to inject hot charge carriers of the 
first conductivity type generated by an inter- 

45 band tunneling effect near the other of the first 

and second diffusion regions, into the carrier 
trap layer near the diffusion region applied with 
the high level voltage, and neutralize charge 
carriers of the second conductive type. 

50 

2. A nonvolatile semiconductor memory comprising: 

a semiconductor substrate of a first conductivity 
type; 

55 a number of nonvolatile semiconductor memo- 

ry cells formed in a surface layer of said semi- 
conductor substrate, said nonvolatile semicon- 
ductor memory cells being disposed in a matrix 



10 

Claims 



7 



EP1 103 980 A2 



14 



13 

form of m rows and n columns and serially con- 
nected along a row direction, each memory cell 
including first and second diffusion regions of a 
second conductivity type formed In the surface 
layer of said semiconductor substrate to define 5 
a channel region therebetween, agate insulat- 
ing film formed on the channel region and In- 
cluding a carrier trap layer capable of trapping 
charge carriers, and a gate electrode formed on 
the gate insulating film; io 
m word lines for connecting the gate electrodes 
of nonvolatile memory cells of a same row; 
(n + 1) bit lines for connecting first or second 
diffusion regions of nonvolatile semiconductor 
memory cells of a same column and, if there is ^5 
an adjacent column to said first or second dif- 
fusion regions of said same column, for con- 
necting second or first diffusion regions of non- 
volatile semiconductor memory cells of the ad- 
jacent column; and 20 
a control circuit for controlling: in writing data at 
a memory position of an i-th row, j-th column 
nonvolatile semiconductor memory cell only on 
a (j + 1)-th bit line side, to apply a high level 
voltage to an I-th word line, a low level voltage 25 
to a j-th bit line, and a high level voltage to the 
(j + 1 )-th bit line to inject charge carriers of the 
second conductivity type In the carrier trap lay- 
er near the diffusion region connected to the (j 
+ 1)-th bit line of the semiconductor memory so 
cell, and in erasing the written data, to apply a 
low level voltage or an opposite polarity voltage 
to the I-th word line, a low level voltage to the 
j-th bit line, and a high level voltage to the (j + 
1 )-th bit line to inject carriers of the first con- 35 
ductivity type generated by an interband tun- 
neling effect, into the carrier trap layer near the 
diffusion region connected to the (j + 1)-th bit 
line of the semiconductor memory cell, and 
neutralize charge carriers of the second con- 40 
ductlve type. 

3. A control method for a nonvolatile semiconductor 

memory having a number of nonvolatile semicon- 
ductor memory cells formed on a surface of a sem- ^5 
iconductor substrate each having a gate insulating 
film including a carrier trap layer, a gate electrode 
formed on the gate insulating film, and first and sec- 
ond diffusion regions formed in the semiconductor 
substrate on both sides of the gate electrode, the 50 
control method comprising the steps of: 

selectively writing data at a memory position 
near the first or second diffusion region through 
injection of hot charge carriers of a first conduc- 55 
tivity type, by applying a first high level voltage 
to the first or second diffusion region, a second 
voltage lower than the first voltage to the sec- 



ond or first diffusion region, and a third voltage 
higher than the second voltage to the gate elec- 
trode; and 

selectively erasing the data at the memory po- 
sition near the first or second diffusion region 
through injection of hot charge carriers of a sec- 
ond conductivity type opposite to the first con- 
ductivity type generated by an interband tun- 
neling effect, by applying a first high level volt- 
age to the first or second diffusion region, a sec- 
ond voltage lower than the first voltage to the 
second or first diffusion region, and a third volt- 
age lower than the first voltage or of an opposite 
polarity to the gate electrode. 

4. A control method for a nonvolatile semiconductor 
memory having a number of nonvolatile semicon- 
ductor memory cells formed on a semiconductor 
substrate of a first conductivity type and disposed 
in m rows and n columns, the memory cells in a row 
direction being connected serially, each memory 
cell including a gate insulating film formed on a sur- 
face of the semiconductor substrate and including 
a carrier trap layer capable of trapping charge car- 
riers, a gate electrode formed on the gate insulating 
film, and first and second diffusion regions of a sec- 
ond conductivity type formed in the semiconductor 
substrate on both sides of the gate electrode, the 
nonvolatile memory having m word lines for con- 
necting the gate electrodes of nonvolatile memory 
cells of a same row, and (n + 1 ) bit lines for connect- 
ing first or second diffusion regions of nonvolatile 
semiconductor memory cells of asame column and, 
if there is an adjacent column to said first or second 
diffusion regions of said same column, for connect- 
ing second or first diffusion regions of nonvolatile 
semiconductor memory cells of the adjacent col- 
umn, the control method comprising: 

a data write step capable of writing two bits per 
one semiconductor memory cell, said data 
write step writing data by applying a low level 
voltage to one of the first and second diffusion 
regions of each semiconductor memory cell, a 
high level voltage to the other of the first and 
second diffusion regions, and a high level volt- 
age to the gate electrode to trap charge carriers 
of the second conductivity in the carrier trap lay- 
er near the other of the first and second diffu- 
sion regions; and 

a data erase step capable of selectively con- 
trolling erase/non-erase on a bit unit basis, said 
data erase step selectively injecting carriers of 
the first conductivity type In the carrier trap layer 
by setting a potential of one of the first and sec- 
ond diffusion regions on an erase side to a high 
level, a potential of the other of the first and sec- 
ond diffusion regions to a low level, or to a high 
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level or a floating level, and a potential of the 
gate electrode to a low level or an opposite po- 
larity level. 

5. A control method for a nonvolatile semiconductor 
memory according to claim 4, wherein voltages 
used by said erase step and a size and impurity con- 
centration of each semiconductor memory cell are 
so selected that depletion layers around the first 
and second diffusion regions are not overlapped at 
a semiconductor memory ceil to be erased, and are 
overlapped at a semiconductor memory cell to be 
erased. 

6. A control method for a nonvolatile semiconductor 
memory according to claim 4, further composing the 
step of erasing all the data of the semiconductor 
memory cells including the sub-steps of: 

writing every bit of each of said memory cells; 
erasing every bit connected to even bit lines; 
and 

erasing every bit connected to odd bit lines. 

7. A control method for a nonvolatile semiconductor 

memory having a number of nonvolatile semicon- 
ductor memory cells formed on a semiconductor 
substrate of a first conductivity type and disposed 
in m rows and n columns, the memory cells in a row 
direction being connected serially, each memory 
cell including a gate insulating film formed on a sur- 
face of the semiconductor substrate and including 
a carrier trap layer capable of trapping charge car- 
riers, agate electrode formed on the gate insulating 
film, and first and second diffusion regions of a sec- 
ond conductivity type formed in the semiconductor 
substrate on both sides of the gate electrode, and 
the nonvolatile memory having m word lines for con- 
necting the gate electrodes of nonvolatile memory 
cells of a same row, and (n + 1 ) bit lines for con- 
necting first or second diffusion regions of nonvol- 
atile semiconductor memory cells of a same column 
and, if there is an adjacent column to said first or 
second diffusion regions of said same column, for 
connecting second or first diffusion regions of non- 
volatile semiconductor memory cells of the adjacent 
column, the control method comprising: 

an erase step of, when carriers of the second 
conductivity type written in an i-th row, j-th column 
nonvolatile semiconductor memory cell near the dif- 
fusion region connected to a (j + 1 )-th bit line are 
to be erased, applying a low level voltage or an op- 
posite polarity voltage to an i-th word line, applying 
a low level voltage to first to (j - 1 )-th bit lines or 
setting the first to (j - 1 )-th bit lines to a floating state, 
applying a low level voltage to a j-th bit line, applying 
a high level voltage to the (j + 1 )-th bit line, and 
applying a high level signal to (j + 2)-th and suc- 



ceeding bit lines or setting the (j + 2)-th and suc- 
ceeding bit lines to a floating state, to inject carriers 
of the first conductivity type generated by an inter- 
band tunneling effect Into the semiconductor mem- 
5 ory cell near the diffusion region connected to the (j 
+ 1 )-th bit line. 

8. A control method for a nonvolatile semiconductor 
memory according to claim 7, wherein voltages 

10 used by said erase step and a size and impurity con- 
centration of each semiconductor memory cell are 
so selected that depletion layers around the first 
and second diffusion regions are not overlapped at 
a semiconductor memory cell to be erased, and are 

15 overlapped at a semiconductor memory cell to be 
erased. 

9. A control method for a nonvolatile semiconductor 
memory according to claim 7, further composing the 

20 step of erasing all the data of the semiconductor 
memory cells including the sub-steps of: 

writing every bit of each of said memory cells; 
erasing every bit connected to even bit lines; 
and 

erasing every bit connected to odd bit lines. 
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(57) A control method is provided for a nonvolatile 
semiconductor memory having a number of nonvolatile 
semiconductor memory cells formed on a surface of a 
semiconductor substrate (1 ) each having agate insulat- 
ing film (8) including a carrier trap layer, a gate electrode 
(9) formed on the gate insulating film (8), and first and 
second diffusion regions (3, 4) symmetrically formed in 
the semiconductor substrate (1) on both sides of the 
gate electrode (9). The control method includes the 
steps of: selectively writing data at a memory position 
(Ma, Mb) near the first (3) or second (4) diffusion region 
through injection of hot charge carriers of a first conduc- 
tivity type, by applying a first high level voltage (+V) to 
the first (3) or second (4) diffusion region, a second volt- 
age (OV) lower than the first voltage (+V) to the second 



(4) or first (3) diffusion region, and a third voltage (+V) 
higher than the second voltage (OV) to the gate elec- 
trode (9); and selectively erasing the data at the memory 
position (Ma, Mb) near the first (3) or second (4) diffusion 
region through injection of hot charge carriers of a sec- 
ond conductivity type opposite to the first conductivity 
type generated by an interband tunneling effect, by ap- 
plying a first high level voltage (+V) to the first (3) or sec- 
ond (4) diffusion region, a second voltage (OV) lower 
than the first voltage (+V) to the second (4) or first (3) 
diffusion region, and a third voltage (-V) lower than the 
first voltage or of an opposite polarity to the gate elec- 
trode (9). The nonvolatile semiconductor memory can 
store a plurality of data per one cell, is easy to be man- 
ufactured and has high reliability. 
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